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Abstract: Background: Low-dose ketamine has been found to have robust and rapid antidepressant
effects. A hypoactive prefrontal cortex (PFC) and a hyperactive amygdala have been suggested to be
associated with treatment-resistant depression (TRD). However, it is unclear whether the rapid antide-
pressant mechanisms of ketamine on TRD involve changes in glutamatergic neurotransmission in the
PFC and the amygdala. Methods: A group of 48 TRD patients were recruited and equally randomized
into three groups (A: 0.5 kg/mg-ketamine; B: 0.2 kg/mg-ketamine; and C: normal saline [NS]). Stand-
ardized uptake values (SUV) of glucose metabolism measured by 18F-FDG positron-emission-
tomography before and immediately after a 40-min ketamine or NS infusion were used for subsequent
region-of-interest (ROI) analyses (a priori regions: PFC and amygdala) and whole-brain voxel-wise anal-
yses and were correlated with antidepressant responses, as defined by the Hamilton depression rating
scale score. The 18F-FDG signals were used as a proxy measure of glutamate neurotransmission.
Results: The ROI analysis indicated that Group A and Group B, but not Group C, had increases in the
SUV of the PFC (group-by-time interaction: F 5 7.373, P 5 0.002), whereas decreases in the SUV of the
amygdala were observed in all three groups (main effect of time, P< 0.001). The voxel-wise analysis
further confirmed a significant group effect on the PFC (corrected for family-wise errors, P< 0.05; post
hoc analysis: Group A<Group C, Group B<Group C). The SUV differences in the PFC predicted the
antidepressant responses at 40 and 240 min post-treatment. The PFC changes did not differ between
those with and without side effects. Conclusion: Ketamine’s rapid antidepressant effects involved the
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INTRODUCTION

Ketamine, which is an N-methyl-D-aspartate (NMDA)
antagonist, is an anesthetic agent with a rapid onset and a
short duration of action. The onset of ketamine peaks in 1–
5 min, and the duration of action is less than 20 min
[Aroni et al., 2009]. A growing body of evidence has indi-
cated that the glutamatergic system, which ketamine acts
directly on, could be critically involved in the pathophysi-
ology of depression [Paul and Skolnick, 2003].

Low-dose ketamine results in rapid improvement of
depressive symptoms (within 1 h) in patients with
treatment-resistant depression (TRD) [Mathew et al., 2012;
Naughton et al., 2014]. Robust antidepressant effects of
ketamine have been shown in several randomized con-
trolled studies [Berman et al., 2000; Murrough et al., 2013;
Zarate et al., 2006]. Similarly, a recent placebo-controlled
study investigating anhedonia, another core symptom of
depression, has determined that a single ketamine injec-
tion for TRD can significantly reduce the level of anhedo-
nia in 40 min [Lally et al., 2014].

The prefrontal cortex (PFC) and the subcortical and lim-
bic brain regions (e.g., the amygdala) are critically involved
in the neurocircuitry of depression [Arana et al., 2008; Kim-
brell et al., 1999; Kupfer et al., 2012; Price and Drevets,
2010]. Enhanced activity in response to negative stimuli in
the emotion-processing subcortical and limbic regions and
deficiencies in the top-down regulatory activities of various
parts of the PFC are the characteristic features of major
depressive disorder [Kupfer et al., 2012; Mayberg et al.,
1999]. TRD patients have a hypoactive PFC and a hyperac-
tive amygdala; this functional dysregulation between the
PFC and the amygdala has been shown to persist even after
a patient’s depression has been temporarily controlled with
aggressive treatment [Li et al., 2010b]. Recently, it has been
further demonstrated that pronounced hypofrontality has a
key role in the neuropathology of TRD [Li et al., 2015].

However, it remains unclear whether the rapid antide-
pressant mechanisms of ketamine on TRD involve changes
in glutamatergic neurotransmission in the PFC. This
randomized, double-blind, placebo-controlled study uti-
lized 18F fluorodeoxyglucose positron emission tomogra-
phy (18F-FDG-PET) to investigate cerebral glucose uptake
at baseline levels (215 to 0 min) and following ketamine
or placebo injection (45–60 min after the injection). The
experiment was designed to capture the earliest and per-
haps the most important (based on the aforementioned
preclinical and clinical studies) biological effects of keta-
mine on the brain. Notably, 18F-FDG-PET measures the

uptake of glucose primarily metabolized by astrocytes in
response to glutamate release from neuronal cells [Magis-
tretti and Pellerin, 1999]. The 18F-FDG signals thus provide
a proxy for the quantification of glutamatergic neurotrans-
mission in the human brain. This study was designed to
investigate the rapid effects of ketamine, specifically on
the glutamatergic system of mood circuitry in TRD. We
hypothesized that the rapid antidepressant effects of low-
dose ketamine involve PFC activation. Activity in the
amygdala, which is a core region of the limbic system that
is involved in the mood-related neurocircuitry [Price and
Drevets, 2010], was also investigated.

METHODS AND MATERIALS

Subjects

Eligible subjects were adult patients between 21 and 65
years of age with a Diagnostic and Statistical Manual of Men-
tal Disorders-IV-Text Revision (DSM-IV-TR) diagnosis of
major depressive disorder. To ensure that patients were
resistant to treatment medications, all TRD patients were
required to have a history of failing to respond to at least
three different antidepressants with adequate dosage and
treatment duration and of failing at least one trial of
adequate antidepressant treatment during their current
depressive episode. The recruited TRD patients did not
have major medical or neurological illnesses or a history
of alcohol or substance abuse. Other exclusion criteria are
described in the Supporting Information.

This study was performed in accordance with the Decla-
ration of Helsinki and was approved by the local Ethics
Review Committee. Informed consent was provided by all
of the participants.

Study Procedures

Patients underwent a detailed psychiatric and medical
history-taking, a diagnostic interview, and brain structural
imaging by magnetic resonance imaging (MRI) at baseline.
Following screening and baseline ratings, a subsequent 40-
min acute treatment phase was conducted, which involved
constant intravenous infusion of ketamine or placebo via
an infusion pump. The study involved two stages, as it
aimed to study the rapid effects of ketamine on the human
brain in the first hour after ketamine administration and in
the third day. In this article, we report the results of the
first stage; the second stage is still ongoing, and its results
will be reported elsewhere. For the first stage, a total of 48
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TRD patients were randomized in a 1:1:1/A:B:C ratio to
each of the respective experiment groups: A: 0.5 mg/kg,
B: 0.2 mg/kg, and C: normal saline (Supporting Informa-
tion Fig. S1). Two low-dose ketamine regimens were
selected to test and to confirm our hypothesis because
both 0.5 mg/kg and 0.2 mg/kg have been shown to be
effective in the treatment of TRD. The entire study proce-
dure was double-blinded, and participants and staff were
all blind to the treatment assignment. An independent
research nurse who was not involved in the study was
responsible for the random allocation and was not allowed
to release any information to others, including the study
nurse who applied the intravenous injection. Depressive
symptoms were rated using the 17-item Hamilton Depres-
sion Rating Scale (HDRS-17) [Hamilton, 1967] at baseline
(immediately before the first 18F-FDG-PET scan) and at 40,
80, 120, and 240 min post-ketamine administration. The
positive symptoms subscale of the brief psychiatric rating
scale (BPRS) was used [Overall and Gorham, 1962] to mea-
sure potential psychotomimetic effects of ketamine at each
time point. The present study primarily focused on the
rapid antidepressant responses and neuroimaging findings
during the first day of treatment. Primary outcomes, such
as the percent change between baseline and 40-min HDRS-
17 scores, were correlated with imaging results. Responders
were defined as having at least a 50% decrease in their
HDRS-17 score from baseline. Side effects following injec-
tions, including floating sensations, dissociative symptoms,
dizziness, nausea, and somatic discomfort, were recorded.

Imaging Procedures

The MR images were acquired with a 3.0 GE Discovery
750 whole-body high-speed imaging device and high-
resolution structural T1-weighted images were acquired.
Two volumes of 18F-FDG PET scans (i.e., pre- and post-
ketamine injections; the brain acquisition time for each PET
volume is 15 min) of at rest glucose utilizations were
acquired on a PET/CT scanner (Discovery VCT; GE Health-
care, USA) with 3D brain mode in the morning (9000 h to
1200 h). The 1st, 15-min PET scan was acquired 45 min after
an intravenous (IV) injection of about 222 MBq of 18F-FDG.
Subsequently, another IV bolus of approximately 222 MBq
of 18F-FDG was injected. At 5 min after the 2nd FDG injec-
tion, a 40-min IV infusion of normal saline or low dose keta-
mine (0.2 mg/kg or 0.5 mg/kg of ketamine) was given in a
resting state. After 40 min of rest (staying awake in a deem-
light room), the 2nd, 15-min PET scan was acquired. Other
details regarding MRI and PET acquisition please refer to
the Supporting Information.

Preprocessing and Analysis of PET Data

The PET data were analyzed using Statistical Parametric
Mapping version 8 software (SPM8; Wellcome Department of
Cognitive Neurology, Institute of Neurology, University Col-

lege London, London, England) implemented in Matlab 7.1
(The Mathworks Inc., Sherborn, MA). A group-specific MRI-
aided 18F-FDG template was created [Gispert et al., 2003;
Signorini et al., 1999] and used to normalize each subject’s
PET images, followed by smoothing with a 3D Gaussian ker-
nel (full width half maximum [FWHM] 5 8 mm). The
smoothed and normalized PET images in the standardized
brain space were created and subjected to further analysis.

Because we were primarily interested in the relative
changes in brain metabolic activity in the first hour after
IV infusion treatment (drug or placebo), the standardized
uptake value (SUV), which is a validated semi-quantitative
method [Borckardt et al., 2008], was used to correct for
FDG activity at the time of injection for each of the two
FDG scans (before and 40 min after injections). Specifi-
cally, the parametric whole-brain SUV image was calcu-
lated by dividing the concentration of radiotracer activity
in the normalized PET image (MBq/kg) by the FDG dose
at the injection time (MBq) divided by the body weight
(kg). The total FDG dose at the 2nd injection time was
approximated with consideration of the residual dose
from the 1st FDG injection.

Region of Interest Analysis of PET Data

To test our hypothesis, region of interest (ROI) analysis
was performed. The mean SUV in the a priori regions (PFC
and amygdala) was extracted from unsmoothed SUV
images in the standard stereotactic space by using PMOD
version 3.0 (PMOD Technologies, Zurich, Switzerland) as
described previously [Arana et al., 2008; Hirvonen et al.,
2012]. Normalized SUV values (values were normalized by
dividing the PFC mean SUV by the global mean SUV)
were reported. The delineations of the PFC and amygdala
were performed by an automated anatomical labeling tem-
plate (AAL template [Tzourio-Mazoyer et al., 2002]) to pre-
vent bias from inter- or intra-rater reliability issues that
arise in manual delineation. The delineated PFC combined
ten anatomical regions of the AAL template (i.e., F1, F2,
F1O, F2O, F3T, F3O, F3OP, GR, F1MO, and F1M) in bilat-
eral hemispheres to maximize the coverage of the PFC;
this delineation of the PFC covered the clusters that are
most involved in depression and TRD, including the dor-
solateral PFC [Fitzgerald et al., 2006; Li et al., 2015].

Voxel-Wise Analysis of PET Data

Voxel-wise analysis was performed using SPM8 to con-
firm the results of the ROI analysis and to explore any
regional changes that were specific to ketamine treatment.
We compared the between-group SUV changes by two-
way ANOVA, with time (i.e., the 1st and 2nd SUV images)
as the within-subject factor, ketamine groups (i.e., A:
0.5 mg/kg, B: 0.2 mg/kg, and C: normal saline) as the
between-subject factor, and age and sex as covariates of no
interest. The group-by-time interaction and the main
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effects of group and time that were significant at P< 0.05
after voxel-level family-wise error (FWE) correction were
reported. For the post hoc analysis, independent t-tests
were performed for the between-group comparisons. The
statistical thresholds were set at P< 0.0167 (50.05/3, cor-
rected for the three groups). For exploratory purposes, we
conducted a separate paired t-test to visualize the relative
changes between the 1st and 2nd SUV images in the three
groups, with the significance thresholds set at a voxel-
level uncorrected value of P< 0.05 and cluster-level FWE-
corrected value of P< 0.001.

Statistical Methods

Statistical analysis of demographic and clinical data was
performed using SPSS 16.0 (SPSS Inc, Chicago, IL). One-
way analysis of variance (ANOVA) (or Student’s t-test) and
Fisher’s chi-square test (or Yate’s correction) were used to
compare the continuous and categorical variables between
groups (i.e., ketamine groups). A value of P < 0.05 was
used to indicate statistical significance. To investigate the
relationship between improvements in depression (i.e., per-
cent change in HDRS-17 scores after treatment) and differ-
ences in before-versus-after SUV in the PFC and amygdala,
Pearson’s correlation analysis was performed, and the cor-
relation coefficient (r) was reported. P< 0.05 (2-sided tests)
was considered to be statistically significant. To determine
whether any changes in the measures of the PFC and amyg-
dala (i.e., SUV of the PFC and amygdala) were a result of
the interaction between time (i.e., before and after ketamine
treatment) and ketamine group (i.e., A, B, and C), two-way
repeated measures ANOVA was conducted, with time as
the within-subject factor and ketamine groups as the
between-subject factor, whereas age and sex were treated as
covariates. The interaction between group and time and the
main effects of group and time were reported, with P< 0.05
(2-sided test) considered to be statistically significant. The
Least Significant Difference (LSD) method was used for
post hoc analyses. Finally, linear regression was performed,
with age, sex, baseline HDRS-17 scores, before-versus-after
SUV changes in the PFC and amygdala, and ketamine
groups (low-dose ketamine or placebo group) included as
independent factors. The percent change in the HDRS-17
score at 40 min and 240 min after treatment was the
dependent variable. A P-value< 0.05 (2-sided test) was
deemed statistically significant.

RESULTS

All 48 subjects (16 subjects in each group) were recruited
from December 2012 to April 2014 and participated in the
entire study. Baseline demographic and clinical features
(i.e., age, gender, duration of illness, psychiatric comorbid-
ities, and HDRS-17 scores) were similar among the three
groups (Table I).

The active ketamine infusion groups (Groups A and B)
exhibited better antidepressant responses immediately fol-

lowing ketamine treatment than the placebo group (Group
C) (Table I). There were significantly more responders in
the active ketamine infusion group (Groups A and B) than
in the control group (Group C) at 40 min and 80 min fol-
lowing ketamine treatment (P< 0.05). The results of the
mean HDRS-17 changes indicated that the best outcome
was at 40 min after active ketamine injection (40 min vs.
baseline, Table I) (P< 0.05; post hoc analysis: 0.5 mg/
kg>placebo, 0.2 mg/kg>placebo).

There was no between-group significance found regard-
ing changes in BPRS positive symptoms during the follow-
up (Table II). The side effects following ketamine treat-
ment were all mild and self-limiting and required no addi-
tional medical treatment. However, statistically, more
cases of floating sensation occurred in Group A (0.5 mg/
kg) than in Group B (0.2 mg/kg) (Table II).

Region of Interest Analysis of Brain SUV

The ANOVA model for the PFC showed a significant
group 3 time interaction (F 5 7.373, P 5 0.002), in which
both of the low-dose ketamine groups were more associ-
ated with PFC activation than the placebo group (Fig. 1A).
The ANOVA analysis did not reveal a significant main
effect of group (F 5 0.223, P 5 0.793) or a significant inter-
action between group and time (F 5 0.776, P 5 0.467) for
the amygdala; however, there was a significant main effect
of time on the SUV of the amygdala (F 5 40.695, P< 0.000)
(Fig. 1A). In brief, the SUV in the PFC increased only in
the active ketamine groups (i.e., Group A and B; Effect
size for Group A: Cohen’s d 5 0.316, for Group B: 1.019)
but not in the placebo group (Group C), whereas the SUV
in the amygdala decreased significantly after treatment in
all three groups (Fig. 1A). The antidepressant outcomes,
which were based on the changes in the HDRS-17 scores,
correlated well with differences in the SUV in the PFC
(r 5 20.433, P 5 0.002) (Fig. 1B) but not in the amygdala
(r 5 0.070, P 5 0.705) (Fig. 1C). The PFC changes did not
differ between those with and without floating sensations
(with vs. without: 0.0186 6 0.0092 vs. 0.0198 6 0.0156,
t 5 20.210, P 5 0.835).

Furthermore, the SUV differences in the PFC were nega-
tively correlated with the differences in the amygdala (Fig.
2), which supports a functionally reciprocal relationship
between the PFC and the amygdala brain circuit in depres-
sion. This functional regulation in the PFC-amygdala cir-
cuitry was observed in patients who received active
ketamine treatment, but not in those who received a pla-
cebo (Fig. 2).

Voxel-Wise Analysis of Brain SUV

The results of the whole-brain analysis showed that
there was a significant main effect of the group on the
PFC, the supplementary motor area (SMA), the dorsal
anterior cingulate cortex (dACC), and the bilateral post-
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central gyrus (PCG) (Fig. 3, boxed on the left). The post
hoc analyses showed that after treatment, both of the keta-
mine groups had significantly more increases in SUV in
the PFC, SMA, and parts of the PCG compared with the
placebo group. However, Group A (0.5 mg/kg) had a sig-
nificantly greater increase in SUV in the dACC and bilat-
eral PCG than Group B (0.2 mg/kg) (Fig. 3; 0.5> 0.2 mg/
kg) and a significantly lower increase in SUV in the right
side of the PFC (Fig. 3; 0.2< 0.5 mg/kg). The ANOVA
analysis did not reveal a significant main effect of time or
a significant interaction between group and time. The
results of the group-by-time analysis confirmed that the

PFC was the main locus of low-dose ketamine IV
treatment.

The exploratory results revealed significant increases in
SUV in the bilateral PFC, and decreases in SUV in the
amygdala, parahippocampus, hippocampus, and cerebel-
lum were observed in both the 0.5 mg/kg (Supporting
Information Fig. S2B) and 0.2 mg/kg (Supporting Informa-
tion Fig. S2B) ketamine groups (Supporting Information
Table S1). Group A also demonstrated an increase in SUV
in the posterior cingulate cortex, precuneus, and thalamus.
In the placebo group, significant increases in SUV were
observed in the precuneus, posterior cingulate cortex,

TABLE I. Baseline variables and antidepressant responses following treatment

A, 0.5 mg/kg B, 0.2 kg/kg C, Placebo F or v2 P-value

N 5 16 N 5 16 N 5 16 — —

Baseline variables
Age 43.3 (11.9) 44.4 (10.8) 49.9 (8.1) 2.397 0.105
Female 11 11 13 0.844 0.656
Duration of illness (years) 13.8 (8.9) 9.1 (9.4) 10.1 (5.8) 1.509 0.232
Psychiatric comorbidities
(DD/PD/SP/PTSD/GAD)

7/9/2/1/10 9/6/2/2/10 8/5/3/5/10 0.500/2.229/
0.334/3.282/0.000

0.779/0.328/
0.846/0.194/1.000

Current antidepressantsa

(1ATD, 2ATDs, ATD1others)
3, 2, 11 2, 2, 12 6, 4, 6 5.502 0.240

HDRS-17 22.6 (5.8) 20.9 (5.6) 22.8 (3.9) 0.631 0.537
Antidepressant responses following treatment

Responders (40 min) 4 6 0 7.074 0.029*
Responders (80 min) 6 7 1 6.252 0.044*
Responders (120 min) 5 7 3 2.327 0.312
Responders (240 min) 4 6 3 1.477 0.478
HDRS-17 changes (40 min vs. baseline) 232.8% (27.2%) 237.1% (24.1%) 212.0% (11.4%) 5.958 0.005*
HDRS-17 changes (80 min vs. baseline) 232.9% (25.7%) 236.9% (27.5%) 219.2% (19.0%) 2.331 0.109
HDRS-17 changes (120 min vs. baseline) 233.7% (28.1%) 238.6% (22.1%) 225.3% (20.7%) 1.265 0.292

HDRS-17 changes (240 min vs. baseline) 237.8% (25.0%) 238.2% (21.7%) 226.7% (20.2%) 1.477 0.478

DD, Dysthymic disorder; PD, Panic disorder; SP, Social phobia; PTSD, Post-traumatic stress disorder; GAD, Generalized anxiety disor-
der; ATD, Antidepressant; HDRS-17, 17-item Hamilton depression rating scales.
aCurrent antidepressant uses included one ATD, two ATD combinations, and one ATD in combination with atypical antipsychotics (i.e.,
quetiapine and aripiprazole) or mood stabilizers (i.e., lithium and valproic acid). ATDs included serotonin-specific reuptake inhibitors,
serotonin-norepinephrine reuptake inhibitors, and bupropion.
*P< 0.05.

TABLE II. Psychotomimetic effects and side-effect profiles following treatment

A, 0.5 mg/kg B, 0.2 kg/kg C, Placebo F or v2 P-value

BPRS changes (40 min vs. baseline) 220.5% (21.0%) 218.3% (19.1%) 210.0% (10.4%) 1.614 0.210
BPRS changes (80 min vs. baseline) 223.9% (24.1%) 220.0% (18.3%) 212.5% (20.4%) 1.578 0.218
BPRS changes (120 min vs. baseline) 222.9% (24.3%) 222.3% (17.7%) 214.2% (11.2%) 1.094 0.344
BPRS changes (240 min vs. baseline) 223.6% (23.1%) 221.9% (17.4%) 215.5% (12.2%) 0.877 0.423
Floating Sensations 8 1 0 15.590 0.000**
Dissociation 1 0 0 2.043 0.360
Dizziness/Nausea 2 1 2 0.447 0.800
Chest tightness 2 1 0 2.133 0.344
Others (Crying) 2 0 1 2.133 0.344

Note. BPRS, Brief psychiatric rating scale positive symptoms subscale.
**P< 0.05.
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parietal cortex, temporal cortex, and occipital cortex,
whereas significant decreases in SUV were found in the
amygdala, hippocampus, cerebellum, and pons (Support-
ing Information Fig. S2C and Table S1).

Linear Regression Results

Finally, linear regression models demonstrated that the
most significant factors predicting antidepressant effects 40
min after administration of ketamine were the changes in
the SUV in the PFC (b 5 20.403, P 5 0.031) and being in a
ketamine group (b 5 0.305, P 5 0.047), whereas the SUV
changes in the amygdala (P 5 0.182), age (P 5 0.149), and
sex (P 5 0.111) were not significant. Similarly, the most sig-
nificant factor predicting antidepressant effects after 240
min was the change in SUV in the PFC (b 5 20.549,
P 5 0.008), but not the ketamine group (P 5 0.974), SUV
changes in the amygdala (P 5 0.170), age (P 5 0.370), and
sex (P 5 0.132).

DISCUSSION

Strengths of the Study

Our study was a randomized placebo-controlled study
that investigated the effects of ketamine on brain mecha-
nisms during the first hour of treatment. The rapid
changes in glutamate neurotransmission following the
NMDA-antagonist ketamine treatment were investigated
in a double-blind randomized study design. As hypothe-
sized, the ROI analysis and the voxel-wise analysis found
that the rapid antidepressant effects of low-dose ketamine
involved activation of the PFC. The evidence supporting
this hypothesis included the finding that the increase in

SUV of the PFC was specific to the low-dose ketamine
treatment and that it was significantly related to the rapid
antidepressant responses in the first day after ketamine
treatment.

Prefrontal Changes were the Most Important

Finding

Although most previous studies administered intrave-
nous ketamine at a dose of 0.5 mg/kg, some research has
demonstrated that other dosing regimens, such as 0.2 mg/
kg, are also effective [Katalinic et al., 2013] in treating
TRD. Consistent with the existing evidence from western
countries, we found that both of the ketamine doses (0.2
and 0.5 mg/kg) resulted in rapid antidepressant effects
during the first one to two hours (Table I); the long-term
antidepressant effects of ketamine warrant further studies.
Most importantly, our neuroimaging data suggested that
increased glutamatergic neurotransmission in the PFC was
critical to the ketamine-specific rapid antidepressant effect.
The finding that both of the active ketamine groups, but
not the placebo group, demonstrated an increase in the
PFC SUV supports this claim as this increase was well cor-
related with antidepressant response (Fig. 1). It is impor-
tant to note that the 18F-FDG-PET signals could be
considered to be a specific proxy measurement of gluta-
mate neurotransmission [Magistretti and Pellerin, 1999].
The PET signals were used to investigate the rapid effects
of ketamine on the glutamatergic system of mood circuitry
in TRD. Structural and functional deficits of the PFC have
been found to be associated with TRD [Arana et al., 2008;
Levinson et al., 2010; Li et al., 2010a]. Higher degrees of
PFC abnormalities, as observed in TRD patients, may
result in the failure to control limbic hyperactivity (e.g.,

Figure 1.

ROI analysis showing the effects of ketamine on the PFC and

the amygdala among different groups. A: Normalized PFC glu-

cose uptake (PFC SUV/whole-brain SUV) was significantly ele-

vated in the 0.5 mg/kg and 0.2 mg/kg groups but not in the

placebo group. The ROI analysis demonstrated a significant

increase in the amygdala in all three groups. The bars are pre-

sented as the mean (standard deviation [SD]). B: The PFC SUV

changes after treatment; the changes were significantly corre-

lated with improvement in depression as documented by per-

cent changes in HDRS-17 scores. C: No correlation existed

between the amygdala SUV changes and clinical improvement. P-

values of less than 0.05 were considered to be statistically signif-

icant (*P< 0.05, **P< 0.005).
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the amygdala). A recent open-labeled study reported that
ketamine could change glucose metabolism in various
parts of the PFC in TRD patients [Lally et al., 2015]. Aug-
menting PFC activity (e.g., by non-invasive brain stimula-

tion) has long been sought as an option for treating TRD
[Berlim et al., 2013; De Ridder et al., 2011]. Interestingly,
the present study found that 0.5 mg/kg of ketamine was
not associated with a greater increase in PFC activity than

Figure 2.

Correlation between SUV changes in the PFC and the amygdala. This correlation was observed

most significantly in the patients receiving active ketamine treatment (bottom left figure)

(P< 0.05). However, this correlation was not observed in the placebo group, suggesting that the

antidepressant mechanisms of the placebo differ from the antidepressant mechanisms of

ketamine.
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0.2 mg/kg, supporting the notion that the antidepressant
action of ketamine occurs only in a small- and low-dose
range.

Our major finding, that the PFC is involved in ket-
amine’s rapid antidepressant effects, was not unexpected
as a single-dose intravenous injection of low-dose keta-
mine (0.3 mg/kg) had previously been shown to induce
PFC activation and cerebellar deactivation within 20 min
in healthy individuals [Holcomb et al., 2001]. Additionally,
a placebo-controlled neuroimaging study reported that
low doses of ketamine resulted in rapid changes in glu-
cose metabolism in many mood-related brain areas in
patients with bipolar disorders [Nugent et al., 2014]. In
another 18F-FDG PET study with 17 healthy volunteers, a
metabolic increase in the PFC was also observed during
the infusion of a sub-anesthetic dose of ketamine [Breier
et al., 1997]. The ketamine-induced PFC functions may, in
turn, lead to a decrease in limbic hyperactivity and thus
improve depressive symptoms. This is supported by the
fact that the changes in the SUV of the PFC were nega-
tively correlated with SUV changes in the amygdala,
which was observed only in the ketamine groups (Fig. 2).

The results from previous neuroimaging investigations
have demonstrated that beliefs and expectations can mark-
edly regulate functional activity in brain regions that are
involved in perception and various aspects of emotion
processing [Beauregard, 2007]. In the placebo group (Fig.
1A and Supporting Information Fig. S2A), no prominent
PFC changes were observed, whereas a decrease in the
SUV in the amygdala and an increase in the brain regions
involved in the sensory and visual pathways, such as the
occipital cortex, the temporal cortex (the ventral stream of
the visual pathway), the parietal cortex (sensory percep-
tion and the dorsal stream of the visual pathway) [Schutter
et al., 2001], and the posterior cingulate cortex/precuneus
(associated with awareness and behavioral adaptation)
[Graf et al., 2001; Jandl et al., 2005], was found. It has been
reported that the most important brain change involved in
the placebo effects of emotional processing is the func-
tional decrease in the bilateral amygdala [Petrovic et al.,
2005]. In addition, perceptions of drug preparations could
play an important role in the psychological expectancy
and placebo responses [Buckalew and Coffield, 1982].
Because continuous intravenous infusion of ketamine

Figure 3.

Voxel-wise analysis showing a significant main effect of ketamine

among the different groups and the post hoc analysis. Left panel:

The significant main effect of the group was on the PFC, the

supplementary motor area (SMA), the dorsal anterior cingulate

cortex (dACC), and the bilateral post-central gyrus (PCG). Right

panel: The post hoc analyses showed that both of the ketamine

groups had significantly greater increases in the SUV in the PFC,

SMA, and parts of the PCG than the placebo group. The

0.5 mg/kg group (Group A) had a significantly greater increase

in the SUV in the dACC and bilateral PCG than the 0.2 mg/kg

group (Group B), but had a significantly lower increase in the

SUV of the right-side of the PFC than the 0.2 mg/kg group. The

significance thresholds for voxel-wise analysis were set at a

voxel-level family-wise error (FWE)-corrected level of P< 0.05

by two-way group-by-time ANOVA. No significant main effect

of time and no significant interaction between group and time

were found. [Color figure can be viewed in the online issue,

which is available at wileyonlinelibrary.com.]
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should be associated with a higher perceived strength of
treatment compared to oral intake of conventional antide-
pressant pills, the findings related to changes in the poste-
rior brain regions (e.g., occipital, temporal, parietal cortex)
could be attributed to individual expectation and memory.

Potential Psychotomimetic Effects From

Ketamine on Imaging Findings?

As we studied the rapid effects of ketamine (i.e., 45–60
min after the injection) on brain glucose metabolism, there
could have been potential psychotomimetic effects that
occurred following ketamine injection. Some side effects,
such as floating sensations, dissociative symptoms, dizzi-
ness, nausea, chest discomfort, and crying, were reported
in the present study. However, the only difference
between groups was a higher incidence of a floating sensa-
tion in Group A, the 0.5 mg/kg ketamine group. The
0.5 mg/kg group was also associated with a greater
increase in the SUVs in the bilateral sensory cortex and
the attention system, the dorsal ACC, than the placebo
and 0.2 mg/kg group, which may partly explain the
occurrence of the side effects in the 0.5 mg/kg group (Fig.
2). Group B, the 0.2 mg/kg group, was not associated with
more side effects than the placebo group. As the PFC
changes and the PFC-amygdala correlation were identified
in both the 0.5 mg/kg and 0.2 mg/kg ketamine groups, it
is plausible that the observed clinical effects and the asso-
ciated changes in the PFC in those receiving active keta-
mine treatment were not caused by direct
psychotomimetic effects. In fact, patients who experienced
more side effects (e.g., floating sensation) did not experi-
ence greater increases in the SUV of the PFC than those
who did not experience side effects. BPRS changes over
time were also similar across the three groups. A single-
dose intravenous injection of low-dose ketamine (0.3 mg/
kg) has previously been reported to induce PFC activation
within 20 min in healthy individuals, and this finding was
not simply induced by psychotomimetic effects of keta-
mine [Holcomb et al., 2001]. The results from preclinical
data also support the belief that the effect of ketamine on
the PFC is potentially the crux of its functioning as an
antidepressant; the rapid antidepressant effects of keta-
mine have been found to be dependent on the mammalian
target of rapamycin, which peaks at 30–60 min following
ketamine injection and leads to increased synaptic signal-
ing proteins and an increased number and function of
new spine synapses in the PFC of rats within 24 h [Li
et al., 2010c].

Limitations

Some limitations should be considered in the interpreta-
tion of our study results. First of all, despite its random-
ized and placebo-controlled design, the current study
could be considered an add-on ketamine study because

the original medication regimen that the TRD patients had
failed to respond was not discontinued during the keta-
mine treatment and PET scans. Therefore, the observed
responses to ketamine could be the result of a combination
or a regulation of the effects of the medications that the
patients were already using. However, because we have
previous solid data to support the antidepressant effects of
ketamine among Asian patients with TRD, the add-on
design was more ethically appropriate and could provide
more naturalistic data. Additionally, the study’s main find-
ing of the ketamine-induced increases in the PFC SUV
occurred within the first hour of ketamine treatment,
whereas the concomitant medications were not altered.
Furthermore, there were no differences in the medications
used across all groups (Table I). Second, although the
Hamilton depression rating scale has been used in many
of the previous ketamine studies [Berman et al., 2000;
Zarate et al., 2006], it may not be ideal for rating short-
term changes in depression. Third, the results of the pres-
ent study provide evidence to support the involvement of
PFC activation on initial antidepressant effects of low-dose
ketamine in human TRD subjects. However, whether the
increase in PFC activity is also related to the antidepres-
sant effects of ketamine at other time points (e.g., day
three) or to the persistent resolution of TRD remains elu-
sive and requires further research.

CONCLUSION

The results of this double-blind placebo-controlled study
provide evidence that the rapid antidepressant mecha-
nisms of low doses of ketamine involve the facilitation of
glutamatergic neurotransmission in the PFC.
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